Myosin VI is involved in a wide variety of intracellular processes such as endocytosis, secretion and cell migration. Unlike almost all other myosins so far studied, it moves towards the minus end of actin filaments and is therefore likely to have unique cellular properties. However, its mechanism of force production and movement is not understood. Under our experimental conditions, both expressed full-length and native myosin VI are monomeric. Electron microscopy using negative staining revealed that the addition of ATP induces a large conformational change in the neck/tail region of the expressed molecule. Using an optical tweezers-based force transducer we found that expressed myosin VI is nonprocessive and produces a large working stroke of 18 nm. Since the neck region of myosin VI is short (it contains only a single IQ motif), it is difficult to reconcile the 18 nm working stroke with the classical 'lever arm mechanism', unless other structures in the molecule contribute to the effective lever. A possible model to explain the large working stroke of myosin VI is presented.
Introduction
In the last 10 years, 18 major classes of myosin motor proteins have been identified (Berg et al, 2001 ), but apart from the myosins in classes I, II and V, very little is known about their properties or cellular functions. We have focused on class VI myosins that are believed to have roles in vesicle transport and membrane tension maintenance (Buss et al, 1998; Sellers, 2000) . Based on sequence comparisons, myosin VI follows the basic myosin organisation ( Figure 7 ) with a highly conserved N-terminal motor domain and a short neck region containing one IQ motif that binds calmodulin. The tail is predicted to consist of a helical region followed by a globular domain (Buss et al, 1998) . Myosin VI however has two additional features: firstly, unlike the other myosins, it moves towards the minus end of actin filaments (Wells et al, 1999) , and secondly between the motor domain and the IQ motif there is a unique 53-aminoacid insert, which was predicted to be the reverse gear (Wells et al, 1999) .
Myosin VI is found in higher, multicellular eukaryotic organisms and is ubiquitously expressed (reviewed in Sellers, 2000) . It has been implicated in the development and maintenance of the stereocilia in the inner ear in mice (Self et al, 1999) and in various roles in Drosophila melanogaster and Caenorhabditis elegans including oogenesis, cell motility and spermatogenesis (Mermall and Miller, 1995; Kelleher et al, 2000; Geisbrecht and Montell, 2002; Rogat and Miller, 2002) . In mammalian cells, myosin VI is involved in endocytosis at the plasma membrane and in the maintenance of Golgi complex morphology and secretion (Buss et al, 1998 Warner et al, 2003) . To understand how myosin VI functions in these diverse cellular events, we need to establish its molecular properties. Since the initial discovery of myosin VI in D. melanogaster (Kellerman and Miller, 1992) , the identification of a heptad repeat sequence in the tail domain by the COILS prediction program (Lupas, 1996) has led to the belief that this region forms a stable double helical coiled coil and that myosin VI exists as a dimer. Possibly as a result of this assumption, in vitro motility studies have been carried out on constructs where dimerisation has been enforced by the presence of a C-terminal leucine zipper or myosin II rod domain (De La Cruz et al, 2001; Rock et al, 2001; Nishikawa et al, 2002; Morris et al, 2003) . Studies addressing the kinetic properties of myosin VI have been carried out on motor domain constructs, the largest of which includes most of the helical tail region but without the remainder of the 'cargo-binding' tail (De La Cruz et al, 2001; Morris et al, 2003) . The kinetic and in vitro motility studies have demonstrated that these constructs have a high duty ratio (they remain strongly bound to actin for 450% of their ATPase cycle) and move processively along actin filaments with a large step size (B30 nm). If only the classical 'lever arm mechanism' (reviewed in Geeves and Holmes, 1999 ) is involved, the single IQ motif of myosin VI cannot account for the observed large step size of the processively moving dimer, unless additional structures contribute to the effective lever. Different groups (Rock et al, 2001; Nishikawa et al, 2002) have presented alternative models to explain how the large step size could be achieved (see Discussion). Thus, to further explore the properties of myosin VI and see if the presence of the whole tail affected its behaviour, we have expressed and purified the unmodified full-length molecule using the baculovirus system. Here we report that this molecule is a monomeric nonprocessive motor with a large step size that undergoes a large conformational change on the addition of ATP.
Results
Physical characterisation of expressed myosin VI using gel filtration and sucrose density gradients On a Superdex 200 FPLC column calibrated with standard globular proteins of known Stokes radii, myosin VI eluted as a single peak ( Figure 1A ) with a Stokes radius (R s ) of 6.0 nm ( Figure 1B) , indicating that like all the other myosins so far measured, myosin VI is an elongated protein. We compared its elution position with that of HMM (heavy meromyosin) (molecular weight (MW) 350 kDa), a skeletal muscle myosin II motor domain dimer with a short tail (elution volume 7.8 ml), and with that of S1(A2) (subfragment-1) (MW 106 kDa), a single myosin II motor domain with one light chain but no tail (12.0 ml) ( Figure 1A ). Myosin VI at 10.8 ml eluted close to S1(A2), suggesting that it is monomeric (calculated monomer MW 164 kDa) ( Figure 1B) .
The sedimentation coefficient of our myosin VI was measured by sucrose density centrifugation together with standard proteins of known sedimentation coefficients and the fractions analysed by SDS-PAGE ( Figure 2A ). The peak fractions for each protein from eight different runs were determined, the average calculated and used to plot a calibration curve ( Figure 2B ) from which a sedimentation coefficient (s 20,o ) for myosin VI of 6.3 S was determined. Increasing the run temperature from 4 to 251C, decreasing the NaCl concentration of the buffer from 500 to 25 mM or removal of the N-terminal hexa-his tag with rTEV protease had no effect on the migration position (at protein concentrations up to B5 mM). We also phosphorylated myosin VI with myosin I heavy-chain kinase (a kind gift from Dr ED Korn, NIH, Washington, USA) and [ 32 P]-g-ATP or dephosphorylated it with serine/threonine phosphatase (PP1) (New England Biolabs), but no change in its migration position was seen, indicating that no major conformational changes had occurred.
Cytosolic extracts, prepared from normal rat kidney (NRK) fibroblastic tissue culture cells, were similarly centrifuged on sucrose density gradients (data not shown). Myosin VI was identified in the resulting fractions by Western blotting with specific antibodies. The native myosin VI was found at the same position as the expressed protein on these gradients, demonstrating that under these conditions it too is monomeric.
The sedimentation coefficient (s 20,o ) and Stokes radius (R s ) were used to calculate the experimental MW of myosin VI using equation 1 (see Materials and methods). This gave a value of 153 kDa, which compares well with a calculated MW of 164 kDa and clearly demonstrates that both native and expressed myosin VI behave as monomers.
Does the zero-length crosslinker EDC cross link myosin VI?
Expressed myosin VI and myosin II HMM were treated with 5 mM EDC for 30, 60 and 120 min at room temperature (RT) and run on SDS gels ( Figure 3A) . The dimeric HMM is increasingly crosslinked with time as shown by the increase in the B300 kDa dimer band and the decrease in the intensity of the B150 kDa monomer band. Myosin VI however remains completely uncross-linked at the protein concentrations tested (up to 3 mM). The EDC-treated myosin VI was also run on sucrose density gradients as described above and found to migrate in the same position as untreated protein.
When cytosol prepared from NRK cells was treated in an identical manner but with 50 mM EDC and the resulting samples were run on gels and blotted for myosins VI, V and II, the results show very clearly that cellular myosin VI remains uncrosslinked while myosins II and V become progressively crosslinked ( Figure 3B ). These results clearly indicate that native myosin VI and expressed myosin VI behave very similarly and are monomeric.
Myosin VI in the electron microscope A field of negatively stained myosin VI shows that the molecules have a globular and asymmetric appearance ( Figure 4A ). There is no evidence for dimerisation, and the possibility of two molecules being joined by a connection too thin to be visible at the B2 nm resolution of the negative staining method appears unlikely, as dilution experiments showed only increased separation between the molecules and no evidence of pairing (data not shown). Figures 4B and C show selected class averages after single-particle image processing of the molecules stained in the absence of nucleotide (apo) and in the presence of ATP. The averages of the molecules show a large globular region at one end that is 8-9 nm long and this we take to be the motor domain. This region has similarities to the motor domain in image averages of negatively stained myosin II and V (Burgess et al, 1997; Walker et al, 2000) . However, the features of the putative motor domain were less distinctive than those of myosin II or V and the image averages were more variable, possibly due to a greater rotational freedom of the molecule about its long axis in attaching to the carbon substrate. Figure 1) . Our velocities agree well with those previously published for a construct of myosin VI (containing the motor domain, 53 residue insert and IQ motif) of 60-130 nm s À1 (Wells et al, 1999; Morris et al, 2003) . Other published data on dimeric constructs of myosin VI give higher velocities of B300 nm s À1 (Rock et al, 2001; Morris et al, 2003) , which are thought to be the result of dimerisation. Within the field of view, it was common to see 80% of the filaments moving, indicating a low number of nonfunctional myosin VI molecules (dead heads). This was further confirmed using actin sedimentation experiments, where nearly all the myosin VI pelleted with actin and at least 80% was released from the actin pellet with Mg.ATP at high salt. Performing in vitro motility assays at decreasing concentrations of myosin VI resulted in shortlived actin binding. Movement over a single point of attachment characteristic of processive motors like myosin (Howard et al 1989; Mehta et al, 1999) was not observed. Preliminary landing rates (data not shown) suggested a minimum number of two myosin VI molecules required to move an actin filament, consistent with a nonprocessive motor (Howard et al, 1989 ).
We measured single-molecule mechanical interactions of myosin VI with F-actin using an optical tweezers-based force transducer in three-bead configuration to determine the size of its working stroke (Molloy et al, 1995; Veigel et al, 1998) . When myosin VI was attached to beads in the flow cell with either the helical domain or globular tail domain antibody, it produced single, isolated interactions with the actin filament at all ATP concentrations tested ( Figure 5A ). The working strokes were about 18 nm ( Figure 5B ) for both antibodies. The histogram of lifetimes of attachment events could be fitted by a single exponential for all ATP concentrations studied ( Figure 5C ). The detachment rate constants increased with higher ATP concentrations and could be fitted by a saturation growth rate model,
, yielding a maximum detachment rate k max of 7.1 s À1 ( Figure 5D ). Single-molecule mechanical interactions of myosin VI with actin measured using optical tweezers. (A) Mechanical interactions were measured by monitoring the positions of beads holding the actin filament using two photodetectors (Veigel et al, 1998 To look more closely at the working stroke of myosin VI, the attachment events were analysed using ensemble-averaging as described by Veigel et al (2002) . This suggests that displacements were produced in two distinct phases ( Figures  6A and B ). An initial large movement of about 17 nm is produced within 15 ms (the time resolution of our experiments) of binding to actin, with the transition therefore too fast to be resolved here. A second small step of about 1 nm occurs after a variable time delay (phase 1) from the onset of binding. The time course of phase 1 could be fitted by a single exponential with an average rate constant k 1 of 5.0 s À1 , independent of ATP concentration ( Figure 6C ), suggesting that nucleotide is still bound during this phase or ATP binding was prevented for some reason (Veigel et al, 2002) . The value for k 1 compares well with the value for ADP release of 6.4 s À1 reported by De La Cruz et al (2001), found by the authors to be the rate-limiting step of the actomyosin VI cycle. The new position was maintained for another variable period (phase 2) terminated by ATP-dependent actomyosin VI dissociation. The lifetimes of phase 2 were also exponentially distributed, with the durations becoming briefer, expressed by an increase in k 2 , with an increase in ATP concentration ( Figure 6C ).
Discussion
Our hydrodynamic, crosslinking and EM data demonstrate that full-length myosin VI is a monomer under the conditions we have tested. Since its identification in D. melanogaster (Kellerman and Miller, 1992) , the first half of the tail sequence of myosin VI has been predicted by programs such as COILS (Lupas, 1996) to form a coiled coil. On this basis, myosin VI has been assumed to be a dimeric molecule, although this has never been experimentally tested.
However, a closer analysis of the COILS prediction (Lupas, 1996) for the helical tail domain of myosin VI ( Figure 7 ) shows a number of features that would make the formation of a stable coiled coil questionable. Firstly, there are a number of stutters and stammers within the first part of the predicted coiled-coil region (shown by asterisks above the sequence in Figure 7 ) where the a and d pattern of hydrophobic repeats breaks down and these may be points where the helix is broken and loops occur. Secondly, the COILS program is well known for its overprediction of E residues in heptad repeats (Lupas, 1996) , and this may be the reason why the central 'charged' region ( Figure 7 ) is predicted to form a coiled coil when it seems highly unlikely that this is possible. Lyu et al (1992) showed that this type of repeating pattern of alternating four positive and four negative charges forms intramolecular salt bridges at the i and i þ 4 residues (where i is any residue in the helix and i þ 4 is the four amino-acid residues C-terminal of residue i, that is, at repeating helix positions) rather than intermolecular salt bridges between two helices. Thus, it would seem more likely that this 'charged' region forms an independent a-helix. If so, one could propose the following speculative model for the monomeric myosin VI tail: initially it could be composed of an intramolecular double helical bundle (possibly in a helix-loop-helix configuration) followed by a flexible salt bridge stabilised helix ('charge' region), then a region with a predicted weak coiled coil and finally the globular domain that binds membrane receptors and cargo. Clearly, this model needs to be explored experimentally and so efforts are being made to crystallise these tail domains in the presence and absence of receptorbinding peptides.
In our single-molecule mechanical experiments, myosin VI produced single, isolated interactions with the actin filament ( Figure 5A ). The same observations have been made for nonprocessive myosins, both monomeric and dimeric (Molloy et al, 1995; Veigel et al, 1999; Warshaw et al, 2000; Ruff et al, 2001) , and for monomeric constructs of processive myosins (Moore et al, 2001; Purcell et al, 2002; Veigel et al, 2002) . As we have not observed processive interactions (neither in the motility assays nor in the optical tweezer studies), a monomeric myosin VI would be sufficient to explain our mechanical results. We observed a large working stroke for myosin VI of about 18 nm ( Figure 5B ). Ensembleaveraging of the attachment events showed that myosin VI, Figure 6 Ensemble-averaged myosin VI-actin attachment events measured at two different ATP concentrations. (A) 0.02 mM and (B) 0.1 mM ATP. Ensemble-averaging the single-molecule myosin VI-actin attachment events (Veigel et al, 2002) showed that the displacements (working strokes) were produced in two distinct phases. The kinetics of the first and second phases were obtained by synchronizing the events with respect to the start and end of each event and by making them of the same duration by extending short events while keeping the level reached at the end and the start of the event, respectively (see Veigel et al, 2002) . The time course of the ensemble average was fitted by single exponen- like some other myosins (Veigel et al, 1999 (Veigel et al, , 2002 , produces its working stroke in two steps ( Figures 6A and B) . The phase following the initial displacement of 17 nm appears to be a nucleotide-bound state, possibly actomyosin-ADP, as its lifetime is independent of ATP concentration. The second step of 1 nm seems to lead to a nucleotide-free rigor state, as the lifetime of the subsequent phase is ATP dependent. Despite its small size we believe that this second step is a feature of myosin VI, as it is consistently present, the time courses for both phases are in general agreement with the myosin VI biochemical data (De La Cruz et al, 2001 ) and electron microscopy of the rigor state showed movement of the putative lever upon addition of ADP (Wells et al, 1999) .
While there is no universal agreement (see Kitamura et al, 1999; Tanaka et al, 2002) , a general consensus has emerged that the size of the working stroke of a given myosin depends in a linear fashion on the length of the light-chain binding domain (lever arm) (Molloy et al, 1995; Veigel et al, 1999; Warshaw et al, 2000; Moore et al, 2001; Ruff et al, 2001; Purcell et al, 2002) . Thus, the stepping behaviour of most of the myosins so far studied can be explained by the tilting lever model of force production (reviewed in Geeves and Holmes, 1999) . Electron microscopy of myosin VI suggests a movement of the putative lever as a function of the nucleotide state (ATP and rigor in this study, and ADP and rigor in Wells et al, 1999) hinting at a lever arm mechanism for myosin VI. Can the working stroke observed here be explained with a lever arm mechanism? Kohler et al (2003) observed that myosin I isoforms with similar lever arm lengths can produce working strokes of different sizes, and suggested that this could be explained by different degrees of rotation of their lever arms. In the crystal structures of a number of class II myosins (Rayment et al, 1993; Dominguez et al, 1998; Houdusse et al, 1999 Houdusse et al, , 2000 , the orientation of the lever arm is thought to be either near its prepower stroke or near its rigor position, and the rotation between these positions varies significantly when structures of different myosin isoforms are compared (Houdusse et al, 1999 (Houdusse et al, , 2000 . Visualising different myosins bound to actin using cryoelectron microscopy and image processing showed that the lever arm rotation associated with ADP release also varies between different myosins (Jontes et al, 1995; Whittaker et al, 1995; Wells et al, 1999) . In myosin VI, it was found that the ADP orientation of the lever arm points about 651 towards the minus end of the actin filament, with the rigor one pointing even further, at about 851, towards the same end (Wells et al, 1999) . The authors point out that despite the relatively large rotation of about 201 associated with ADP release, not much Charge region Figure 7 Cartoon showing the different domains of myosin VI together with a sequence alignment and heptad repeat prediction for the myosin VI helical tail domains from different species. The cartoon shows the different domains of myosin VI and below is the sequence alignment of the helical tail domains (amino acids 812-1034) and their analysis using the COILS prediction program (Lupas, 1996) . Vertical dashes show the IQ motif with the key residues labelled. The dashed line shows the presence of the putative coiled-coil sequence with hydrophobic a and d residues of the heptad repeat labelled and displayed in bold. Note: The complete sequence alignment includes several species not shown here; hence, hydrophobic residues that are not part of the heptad repeat but are highly conserved in the complete alignment are also shown in bold. Possible breaks in the putative coiled coil are shown by asterisks (***). An exclamation mark pinpoints helix breaking proline residues even if the proline is not conserved in all sequences. BBB shows the highly charged region, and within this region, positively and negatively charged residues are shaded in dark and light grey, respectively. Accession numbers for myosin VI sequences are as follows: Hs (Homo sapiens), AAC51654; Ss (Sus scrofa), A54818; Gg (Gallus gallus), CAB96536; Ds (D. melanogaster), Q01989.
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movement can be expected parallel to the actin filament. Thus, the orientation of the lever arm is relevant for determining the size of the myosin working stroke. Therefore, the size of the working stroke of a given myosin depends not only on the length of the lever arm but also on its orientation with regard to the actin filament and degree of rotation. These findings are reflected in a simple geometrical model in Figure 8 where the size of the working stroke is determined by a combination of lever arm length, orientation and rotation. According to this model, a displacement parallel to the actin filament towards its minus end can be expressed as follows: displacement ¼ lever arm length(sin(final orientation)Àsin(starting orientation)). Is the model sufficient to account for the myosin VI working strokes observed by us? The single IQ motif of myosin VI is expected to contribute about 4 nm to its effective lever arm (Rayment et al, 1993) . It is conceivable that in myosin VI, the single IQ motif, the unique 53-amino-acid insert and possibly the first part of the helical tail region could form an extended lever arm of about 10 nm. A lever arm of this length is also consistent with the putative levers visualised for myosin VI using electron microscopy in this study (Figure 4 ) and by Wells et al (1999) . In our model, such a lever of only 10 nm can account for the two substeps of 17 and 1 nm measured here and is also consistent with the ADP (651) and rigor (851) orientations reported previously (Wells et al, 1999) . In order for a 10 nm lever to produce the first substep of 17 nm, finishing in the ADP orientation (651), a prepower stroke orientation of À531 is calculated. In the model, the movement of a 10 nm lever from its 651 ADP to its 851 rigor orientation accounts for a substep of 0.9 nm, very similar to the 1 nm substep observed here and consistent with the small movement parallel to the actin filament expected by Wells et al (1999) for that substep. In total then, the swing of the myosin VI lever arm would be 1381. The strongly bent or hooked appearance of the lever arm/tail region in rigor (at the end of the working stroke) ( Figure 4B) is consistent with the model.
At this stage however it should be stressed that one should not exclude alternatives to the tilting lever mechanism for the myosin VI stepping mechanism. Rock et al (2001) have speculated that the large step size of their myosin VI dimer was the result of a small working stroke in the 'lead' head attached to actin coupled to a large conformational change, which allows the free 'trailing' head to extend to the next available binding site on the actin filament. They suggest that unfolding the 53-residue insert between the converter domain and light-chain binding domain, along with adjacent structures, causes the large conformational change. Nishikawa et al (2002) however proposed that the lever arm length of their myosin VI dimer was not critical for its processivity or its large step size. Based on electron microscopy, they postulated that binding of the first head causes conformational changes in the actin filament that allows the second head to bind 36 nm along the filament. While the structure of the neck and tail domains remains to be determined, it is difficult to establish whether or not they or parts of them contribute towards the effective lever arm and whether they would be stiff enough to generate displacement under load. Further EM studies on the conformational changes induced in myosin VI on addition of nucleotide especially when bound to actin should also help to test our model.
Previous in vitro motility and single-molecule mechanical experiments have shown that dimeric myosin VI constructs, where dimerisation was ensured by the inclusion of either a leucine zipper (Rock et al, 2001) or a short segment of myosin II tail (Nishikawa et al, 2002) , move processively with large steps of 30-36 nm. Our expressed full-length myosin VI however is monomeric and produces a large 18 nm working stroke, and does not show processive behaviour. Myosin V produces a power stroke of 25 nm while stepping 36 nm when moving processively, with the 11 nm disparity thought to be bridged by diffusive movement of the free head (Veigel et al, 2002) . For myosin VI, interestingly, the difference between the processive step size of 30 nm observed by (Rock et al, 2001 ) and the 18 nm power stroke observed here is similar, and a diffusive movement of 12 nm by the free head of a dimeric myosin VI would be sufficient to reach its observed binding position on actin.
The in vitro results presented here and the previous studies (Rock et al, 2001; Nishikawa et al, 2002) raise the intriguing possibility that myosin VI may be able to function as a monomer and as a dimer in vivo. Our cellular localisation and functional studies suggest that myosin VI has multiple roles in cells, and certain functions such as those involving maintenance of the Golgi complex structure (Warner et al, 2003) might require a nonprocessive monomer, while other functions such as transport of endocytic vesicles ) might benefit more from a processive dimer. In these cases, it is conceivable that myosin VI binding to one of its binding partners, or a post-translational modification of Figure 8 A possible model to explain the working stroke of our myosin VI. The cartoon shows how we assume that the working stroke taken by myosin VI results from lever arm length, orientation and rotation. A displacement parallel to the actin filament towards its minus end can be expressed as follows: displacement (working stroke) ¼ lever arm length(sin(final orientation)Àsin(starting orientation)). An assumed lever arm of 10 nm can account for the two substeps of 17 and 1 nm measured here and is also consistent with the ADP (651) and rigor (851) orientations reported previously by Wells et al (1999) . In order for the lever to produce the first substep of 17 nm, finishing in the ADP orientation (651), a prepower stroke orientation of À531 is calculated. The movement of the lever from its 651 ADP to its 851 rigor orientation accounts for a substep of 0.9 nm. At present, we stress that it is still an assumption that other regions of the molecule act as the additional effective rigid lever and that it rotates by 1181 before ADP release.
myosin VI such as phosphorylation, might cause dimerisation at the site of action such as on a lipid membrane. The ability to regulate whether myosin VI is a monomer or dimer would be an important way in which multiple cellular functions might be controlled, and experiments are underway to explore these intriguing possibilities.
Materials and methods
Protein expression and purification
Myosin VI from chicken intestinal brush border cells containing the large insert (residues 1-1276) (Buss et al, 1998) was cloned into the Bac-to-Bac (Invitrogen, UK) vector FasBacHT such that the expressed protein contained a hexa-his tag at the N-terminus. The Bac-to-Bac protocol as described in the Invitrogen instruction manual was used to produce recombinant baculovirus. Sf9 cells were simultaneously infected with myosin VI virus and calmodulin virus (a gift from Dr J Sellers, NIH, Washington, USA).
Sf9 cell pellets expressing myosin VI were frozen in liquid nitrogen and thawed in 500 mM NaCl, 50 mM Tris-HCl (pH 8.0), 0.7% Nonidet P-40, 10% glycerol, 1-2 complete EDTA-free protease inhibitor tablets per 50 ml (Roche Diagnostics), 2 mM ATP, 5 mM MgCl 2 and 50 mM glucose and lysed by sonication. The lysate was spun at 85 000 g for 30 min, and 0.2 mg ml À1 hexokinase (Sigma) and 0.2 mg ml À1 F-actin were added to the supernatant and incubated for 1 h at 41C with constant agitation. The supernatant was then centrifuged again at 85 000 g for 30 min and the actomyosin VI pellet was resuspended by homogenisation in 500 mM NaCl, 10 mM imidazole (pH 7.4), 10 mM Na 2 PO 4 2À (pH 7.2), one protease inhibitor tablet, 5 mM ATP, 5 mM MgCl 2 , 0.1 mM EGTA and 5 mM b-mercaptoethanol and incubated with 0.5 ml Ni-NTA agarose (Qiagen) on a rotary mixer at 41C for 30 min. After washing on a column with the above solution (5 Â 5 ml), myosin VI was eluted from the resin with elution buffer A (100 mM NaCl, 150 mM imidazole (pH 7.4), 10 mM Na 2 PO 4 2À (pH 7.2), 1 mM MgCl 2 , 0.1 mM EGTA and 2.5 mM b-mercaptoethanol). The main fractions containing myosin VI were pooled and dialysed against 30 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, 20 mM MOPS (pH 7.5) and 1 mM DTT. The N-terminal His tag could be removed using rTEV protease (Invitrogen, UK) specific for a cleavage site located between the His tag and the myosin VI reading frame. Myosin VI tail constructs were expressed using bacterial expression systems and purified as described previously (Buss et al, 1998) .
F-actin was prepared from chicken skeletal muscle acetone powder (Kendrick-Jones et al, 1970; Pardee and Spudich, 1982) , and myosin II, myosin II HMM, myosin II S1(A1) and myosin II S1(A2) were from chicken skeletal muscle (Margossian and Lowey, 1982) .
Antibody preparation and affinity purification
Polyclonal rabbit antibodies were raised against the whole tail (residues 846-1276) and predicted globular tail domain (residues 1062-1273) of myosin VI (Buss et al, 1998) , the tail of myosin V (Lionne et al, 2001 ) and against non-muscle myosin II (Scholey et al, 1982) . Antibodies against myosin VI and V were affinity-purified before use (Buss et al, 1998) . SDS-PAGE and Western blotting using different expressed constructs of the myosin VI tail were used to determine the specificity of the whole tail antibody for the helical domain and the globular tail antibody for the globular tail domain.
Chemical crosslinking of purified protein and cellular extracts
In all, 100 ml of purified myosin VI at 0.2-0.5 mg ml À1 or skeletal muscle myosin II HMM at 0.2 mg ml À1 , both in elution buffer A (see above for composition), was mixed with a final concentration of 5 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Sigma, UK) at RT. At 30, 60, 90 and 120 min, samples were taken and added to phosphate gel sample buffer (28 mM NaH 2 PO 4 , 72 mM Na 2 HPO 4 , 0.2% SDS, 6 M urea, 0.9 M b-mercaptoethanol, 0.01% bromophenol blue) and immediately frozen on dry ice. SDS phosphate gels (3% acrylamide, 28 mM NaH 2 PO 4 , 72 mM Na 2 HPO 4 , 0.2% SDS) were prepared as described in the Sigma technical bulletin MWS-877X. Crosslinked phosphorylase-b molecular weight marker (Sigma, UK) was used to calibrate the gels.
NRK and A431 (human epithelial) cells were grown in Dulbecco's modified Eagle's medium with Glutamax-1, sodium pyruvate, 4500 mg l À1 glucose and pyridoxine (Invitrogen) supplemented with 10% FCS (Fetaclone 1, Hyclone), penicillin and streptomycin (100 mg ml À1 , Invitrogen) at 371C in 5% CO 2 . Cells were grown in 90 mm dishes to confluence, lysed in 500 mM NaCl, 50 mM Tris-HCl (pH 8.0), 0.7% Nonidet P-40, one protease inhibitor tablet per 50 ml (Roche Diagnostics), 2 mM ATP and 5 mM MgCl 2 , sonicated and centrifuged for 30 min at 195 000 g. To the supernatant, termed NRK or A431 cytosol, EDC was added to a final concentration of 50 mM and a time course reaction was carried out and samples were run on SDS phosphate gels as described above. Western blots using anti-myosin VI whole tail, anti-myosin V tail and anti-myosin II antibodies were carried out to detect these myosins. Aliquots of the NRK cytosol were also run on sucrose density gradients.
Gel filtration
A measure of 150-250 ml samples of purified protein at 0.3-0.8 mg ml À1 were applied to a Superdex 200 (30 Â1.5 cm) analytical column (Amersham Pharmacia Biotech) equilibrated in 25 mM NaCl, 10 mM Tris (pH 7.5), 10 mM imidazole (pH 7.4), 2 mM MgCl 2 and 1 mM EGTA and controlled using an AKTA purifier (Amersham Pharmacia Biotech). The column was calibrated with chymotrypsinogen A, ovalbumin, BSA, aldolase, catalase, ferritin and thyroglobulin standards. The same protocol was carried out using a Sephacryl S300 (Amersham Pharmacia Biotech) (90 Â1.5 cm) column under gravity flow and similar results were obtained.
Sucrose density gradients
The 6-20% sucrose gradients contained 500 mM NaCl, 150 mM imidazole (pH 7.4), 10 mM Na 2 PO 4 2À (pH 7.2), 5 mM MgCl 2 and 1 mM EGTA. Samples of B1.5 mg ml À1 of purified myosin VI or 300 ml of NRK cell cytosol, together with protein standards of 0.5 mg ovalbumin, 0.25 mg BSA, 0.5 mg aldolase and 0.5 mg catalase, were layered on top of the gradient in a volume of 400 ml. The gradients were centrifuged for 18 h at 38 000 rpm in an SW Ti 60 Beckman rotor. Following centrifugation, 200 ml fractions were taken starting from the top and aliquots run on 6%-20% acrylamide gradient SDS-PAGE gels. In the case of tissue culture cell cytosol, myosin VI was detected by Western blotting using anti-myosin VI whole tail affinity-purified antibody.
Calculation of native molecular weight
The native molecular weight of myosin VI was calculated using its Stokes radius measured by gel filtration and its sedimentation coefficient determined by sucrose density gradient centrifugation using the following equation as described in Post et al (2002) :
where Avogadro's number N ¼ 6.02 Â10 23 , viscosity coefficient n ¼ 1 Â10 À2 g s À1 cm À1 , solution density r ¼ 1 g cm À3 and partial specific volume u ¼ 0.72 cm 3 g À1 (assumed to be that of an average soluble protein).
Motility assays
The procedure was adapted from that described by Kron et al (1991) and Sellers et al (1993) . The assay buffer was 25 mM NaCl, 20 mM Tris-HCl (pH 8.0), 20 mM imidazole (pH 7.4), 5 mM MgCl 2 , 1 mM EGTA and 10 mM DTT. Myosin VI was bound to the nitrocellulosecoated surface of the flow cell (volume 20 ml) by affinity-purified polyclonal myosin VI antibodies (0.1 mg ml À1 ) against the helical domain or globular tail domain. All the assays were carried out at 281C. Images were taken at set time intervals and viewed in Adobe Photoshop. To obtain the velocity of any actin filament, the x and y coordinates of one end of the filament were obtained for 10-15 images. The distance c between pairs of coordinates in consecutive frames could then be calculated using the equation c ¼ O((a 2 ) þ (b 2 )), where a ¼ x 2 -x 1 and b ¼ y 2 -y 1 . The distance c in pixels was converted to mm and divided by the time elapsed between each image to give the velocity of the filament between two images. The average velocity of the actin filament was obtained by dividing the sum of all these velocities by nÀ1, where n is the number of images.
Optical tweezers
The optical trapping procedure and conditions using rhodaminephalloidin-labelled rabbit F-actin and N-ethyl maleimide (NEM)-modified rabbit myosin were as described previously (Veigel et al, 1998 (Veigel et al, , 1999 . In the flow cell, stationary beads coated with nitrocellulose were first treated with affinity-purified polyclonal antibodies (0.1 mg ml
À1
) against the helical domain or globular tail region of myosin VI and then blocked with 0.5 mg ml À1 BSA (Sigma). Myosin VI was then applied at a sufficiently low density of 0.02 mg ml À1 for single acto-myosin molecular interactions to occur (binding events were separated by long intervening periods of free bead diffusion and B70% of the stationary beads tested showed no interactions with the actin filament). Mechanical interactions were measured by monitoring the positions of the microspheres holding the actin filament using two photodetectors (Veigel et al, 1998) . Myosin VI produced single, isolated interactions with the actin filament, which were identified by the change in variance of the Brownian noise of the signal, corresponding to sudden changes in system stiffness as myosin bound to actin (Molloy et al, 1995) . The lifetime and amplitude of each attachment were measured, the latter relative to the mean rest position for the bead before and after attachment, and corrected for series elastic components in the system. Individual displacements were biased in one direction, determined by the orientation of the actin filament. The working stroke was calculated by analysing the amplitudes of a minimum of 100 displacement events observed for an individual actin filament and by combining the results of at least three filaments. Attachment events were also closely inspected for the presence of a substep by ensemble-averaging the data as described previously (Veigel et al, 2002) . ATP concentrations between 0.01 and 2 mM were used.
Electron microscopy of myosin VI using negative stain The negative staining procedure was similar to that described previously (Walker et al, 1985; Burgess et al, 1997) . Myosin VI samples diluted 5-10 times with 25 mM KCl, 10 mM MOPS, 1 mM EGTA, 1 mM MgCl 2 and 2 mM K 2 PO 4 (pH 7.0) (final concentration B80 nM) were applied to grids coated with a thin (B10 nm) continuous film of carbon rendered hydrophilic by irradiation under a UV lamp for about 40 min. The grids were then stained with three drops of 1% uranyl acetate, wicked dry and examined in a Jeol 1200EX electron microscope operating at 80 kV. Images were recorded at a magnification of Â 40 000. Image averages were aligned and classified by single-particle processing of the stained molecules as described (Walker et al, 2000) .
Supplementary data
Supplementary data are available at The EMBO Journal Online.
